Influence of the numbers of GCPs and tie points 256
Our study sites are the target of glacier field measurements, therefore GCPs are already 257 available from static GNSS measurements of prominent features such as large boulders or 258 crossing roads or could be measured in the future during dedicated campaigns. However, 259
GCPs are not available in all ice-covered regions and it is important to assess their influence 260 on DEM quality and determine whether useful DEMs can be retrieved in remote regions 261 where no GCPs are available. At the time of DEM processing, no GCPs were available for the 262 Astrolabe (Antarctica) and Mera (Nepal) study sites. The best GCP coverage was around 263
Tungnafellsjökull where 19 evenly-distributed GCPs were identified manually on a shaded 264 relief image (pixel size of 2 m) derived from the Lidar DEM. Uncertainties in the latter GCPs 265 results from (i) errors in pointing manually identical features in the Pléiades images and the 266 Lidar shaded relief image and (ii) the horizontal and vertical errors in the Lidar data. 267
Tungnafellsjökull was thus the site chosen to test the influence of the number of GCPs. 268
For the Tungnafellsjökull site, the Pléiades DEM derived without any GCPs exhibits a 269 horizontal shift of about 3.3 m and is about 3 m too high on the average (Table 3) . The 270 addition of GCPs reduces the horizontal shift to about 2 m and the vertical shift nearly 271 vanishes. In fact, a single accurate GCP appears to be sufficient to eliminate most of the 272 vertical bias. In contrast, the horizontal shift is never entirely removed, even with 19 GCPs, 273
possibly because a systematic shift may arise from GCP identification in the shaded relief 274 image of the Lidar DEM. The last column of table 3 corresponds to the mean elevation 275 difference between August 2011 and October 2013 on the ice cap after horizontal and vertical 276 co-registration (referred to as 3D co-registration hereafter) of the Pléiades and Lidar DEMs. 277
The similarity of these values (within 0.03 m) illustrates the effectiveness of 3D co-278 registration. It implies that, if the subtracted DEMs include a sufficient proportion of stable 279 areas (i.e. ice-free terrain), accurate elevation change measurements can be retrieved even 280 without GCPs. 281
In the case of the Icelandic study site, the collection of tie points (TPs, i.e. homologous points 282 identified in both images of the stereo pair but with unknown geographic coordinates) had no 283 clear influence on the quality of the DEM: the vertical bias is increased by 0.5 m and the 284 dispersion is slightly lower. In section 4.4, we will show that this conclusion does not hold for 285 the other study sites. 286 ice-free terrain surrounding Tungnafellsjökull. However, past studies have highlighted the 289 occurrence of spatially-varying elevation errors in ASTER and SPOT5 DEMs due notably to 290 unrecorded variations in satellite attitude (Berthier et al., 2012; Nuth and Kääb, 2011) . To 291 quantify these errors, we split the map of elevation differences between the Pléiades DEM 292 (computed using 5 GCPs) and the Lidar DEM into X by X tiles (with X the number of tiles in 293 each direction, varying from 2 to 5) and computed the median elevation difference on the ice-294 free terrain of each tile. The median was preferred here because it is a metric of centrality less 295 affected by outliers (Höhle and Höhle, 2009) . The results are shown in Fig. 3 for X=3. The 296 maximum absolute departure from 0 is observed for the northwest tile where the median 297 elevation difference between the Pléiades and Lidar DEMs reaches -0.15 m (µ=-0.20; 298 SD=0.79; N=141754), followed by the southeast tile (median = 0.10 m; µ=0.12; SD=0.37; 299 N=12246). These two tiles are also the ones with the most limited data coverage. This 300 maximum absolute median elevation difference is 0.08 m, 0.26 m, and 0.24 m when X equals 301 2, 4, and 5, respectively. These statistics show very limited spatially-varying elevation 302 differences between the Pléiades and Lidar DEMs, implying that, within each quadrant, 303 elevation changes of a sufficiently large ice body could be retrieved with an uncertainty of 304 about ±0.3 m or less. 305 Table 4 summarizes the results of the evaluation of the Pléiades DEMs with GNSS 307 measurements for all study sites. In the Andes and for Mont-Blanc, 5 to 13 GCPs were 308 available to compute the DEMs. 309
Evaluation of the Pléiades DEMs from all study sites 306
For Mera Glacier in Himalaya no accurate GCPs, i.e. measured in the field using static GNSS 310 positioning, were available at the time of processing. Instead, a set of 22 GCPs was derived 311 from a coarser resolution SPOT5 dataset (2.5-m ortho-image and 40-m DEM). These SPOT5 312 data were previously co-registered to GNSS data acquired along the trails of the Everest base 313 camp, outside of the Pléiades images (see Wagnon et al., 2013, for a complete description).12 size (2.5 m) and their vertical precision is about ±5 m, the precision of the SPOT5 DEM. For 317 Astrolabe Glacier, no GCPs were available at the time of processing. 318
Precision of the DEMs 319
The vertical precision (quantified using the standard deviation and the NMAD) is relatively 320 homogeneous for all sites and generally between ±0.5 m and ±1 m (NMAD values ranging 321 from 0.36 to 1.1 m and standard deviations from 0.51 to 1.26 m). These precision values are 322 consistent with a recent study for a small glacier in the Pyrénées (Marti et al., in press) and 323 slightly better than those obtained using Pléiades stereo pairs in two other studies (Poli et al., 324 2014; Stumpf et al., 2014) . For the relatively steep and vegetated terrain around landslides in 325 the southern French Alps (Stumpf et al., 2014) , the precision of the Pléiades DEM is around 326 ±3 m. For the urban landscape around the city of Trento in Italy (Poli et al., 2014) , it is ±6 m 327 or more. These seemingly lower precision in other studies are probably not due to differences 328 in the processing of the Pléiades images but more likely due to the influence of the landscape 329 on the DEM precision. A quasi linear relationship has been found between DEM precision 330 and terrain slope (e.g. Toutin, 2002) . It is also problematic to extract precise DEMs in urban 331
areas (e.g. Poli et al., 2014) . We would therefore expect to obtain a better precision on smooth 332 glacier topography. This is confirmed by the results for the two study sites (Agua Negra and 333 Tungnafellsjökull) where GNSS data have been collected on and off glaciers ( Table 4) First, the coordinates of the GCPs were calculated using a GNSS base station located as far as 384 100 km away and are more uncertain than for other study sites. Second, the identification on 385 the Pléiades images of the features (GCPs) measured in the field (e.g. large boulders) was 386 sometimes ambiguous. 387 4.4.3 Necessity of tie points (TPs) 388 We already mentioned above that TPs had no influence on the coverage and the precision of 389 the DEM of the Tungnafellsjökull Ice Cap (Table 3) . However, this does not hold for the 390
Mont-Blanc area and the Astrolabe Glacier, two other sites where DEMs were generated 391 without GCPs. In both cases, the automatic collection of about 20 TPs provided far better 392 coverage probably by improving the relative orientation of the two images of the stereo pairs. 393
The necessity of collecting TPs will depend on the accuracy of the navigation data (position 394 and attitude of the satellite) provided with the images. Given that the latter accuracy is not 395 known a priori, we recommend collecting TPs between the images. 396
Added value of a tri-stereo 397
There is a moderate added value of a tri-stereo instead of a simple stereo pair. In general, 398 among the 3 possible pair combinations of the three images, the largest percentage of data 399 gaps is observed for the front/back pair, due to the stronger distortion between these images. 400 This is especially true when the base-to-height ratio is high (>0.5), for example in the case of 401 the Mont-Blanc 2013 tri-stereo where the data voids represent as much as 30% for the 402 nadir/back pair and only 15% for the front/nadir and nadir/back pairs. For the latter two pairs, 403
we combined the two DEMs in a merged DEM as follows: (i) for pixels where both DEMs 404 were available, the mean of the two values was calculated; (ii) for pixels where only one 405 DEM was available, this single value was retained; (iii) for pixels corresponding to data voids 406 in both DEMs, a data void was kept in the merged DEM (i.e. no gap filling was used). The 407 percentage of data voids in the Mont-Blanc 2013 merged DEM dropped from 15% to 6%, 408 showing that data voids were not at the same location in the front/nadir and nadir/back DEMs.only 1% (but the initial coverage in the DEMs was higher, over 96%) with no significant 411 improvements in vertical precision. 412 413 5 Seasonal, annual and multi-annual glacier elevation changes 414
Seasonal elevation changes 415
compared to GNSS elevations to reveal the surface elevation changes during the 2013 melt 419 season between May, 2 and October, 10. As expected, the surface was lower in October due 420 to snow, and to a lesser extent, firn compaction and surface melt during summer ( Once co-registered in 3D, the DEMs were differentiated to map the glacier elevation changes 444 that occurred over the 13 months between 19 August 2012 and 20 September 2013 (Fig. 7) . 445
Due to the difference in seasonality, the glaciological interpretation of these changes and their 446 comparison to field measurements (performed annually around 10 September) is not 447 straightforward. However, the map reveals a clear thinning for all glacier tongues whereas 448 thickening is observed on most glaciers above 3000 m a.s.l., with some localized elevation 449 gains of over 5 m, probably due to avalanches. This high elevation thickening cannot be 450 confirmed by field measurements but is in line with the slightly above-average accumulation 451 during 2012/13 (unpublished GLACIOCLIM-LGGE data). We did not attempt to compute a 452 glacier-wide or region-wide annual mass balance over such a short time span (13 months) 453 since it would likely be skewed by seasonal variations and because of the high uncertainties 454 that would arise from the poorly-constrained density of the material gained or lost for such a 455 short period of time (Huss, 2013) . Despite these issues, this result highlights the very strong 456 in the Mont-Blanc area are depicted (Fig. 8) . 479
These satellite-derived elevation changes are compared to the mean elevation changes derived 480 from GNSS measurements performed every year around 10 September by LGGE on 9 481 transverse profiles (5 on the Mer de Glace and 4 on the Argentière Glacier, Fig. 8 change is available for a pixel, we assign to it the value of the mean elevation change of the 501 50-m altitude interval it belongs to, in order to assess the mass balance over the whole glacier 502 area. Conservatively, the standard deviation of the elevation differences at the eight transverse 503 profiles (±1.3 m) is used as our error estimate for the 2003-2012 satellite-derived elevation 504 differences. For un-surveyed areas, this elevation change error is multiplied by a factor of 5, 505 resulting in an error of ±8 m. The percentage of data voids equals 15% for the whole Mont-506
Blanc area and range from 2% to 22% for individual glaciers (Table 5 ). Elevation differences 507 are converted to annual mass balances using a density of 850±60 kg m -3 (Huss, 2013) . 508
The resulting glacier-wide geodetic mass balance for Argentière Glacier (-1.12 ± 0.18 m a promising. The higher precision on glaciers compared to the surrounding ice-free terrain 528 implies that an error estimate performed on the ice-free terrain will be conservative. Vertical 529 biases are greater (as much as 7 m) if no GCPs are available but can be greatly reduced 530 through proper 3D co-registration of the Pléiades DEMs with a reference altimetry dataset on 531 ice-free terrain. One or two accurate GCPs seem sufficient to reduce the vertical biases to a 532 few decimeters. 533
There is a slight improvement of the DEM coverage when they are derived from a tri-stereo. 534
We have shown for the Mont-Blanc area that a simple combination of the different DEMs 535 derived from the 3 images of a tri-stereo can reduce the percentage of data voids and slightly 536 improve precision of the merged DEM. However, because glacier topography is often 537 relatively smooth, a standard stereo coverage with a limited difference in incidence angles 538 
